The present study assessed the effect of projected climate change on the sowing time, onset, and duration of flowering, the duration of the growing season, and the grain yield of spring
Introduction
Global climate change will provoke changes in the agro-ecosystems of Europe in the coming decades [1] . The results from many general circulation models (GCMs) suggest that countries in southeastern Europe, including Serbia, will suffer significant climate change impacts at different spatial and temporal scales in the future [2] . However, the observed frequency of the summer drying issue for the Pannonian lowland region is quite different from the predicted frequency [3] . There are many studies that have confirmed and described climate change in Serbia and its regions through dynamic and statistical downscaling and investigating climate change's effect on crop yield [4] . Much effort has been put forth to assess climate change's effect on agriculture on a global scale [5, 6] . Nowadays, much more attention is devoted to the impact of climate change on individual regions [7] .
The Pannonian lowland covers parts of Austria, Croatia, Hungary, Serbia, and Romania. Northern Serbia (Vojvodina) is of the highest importance for agricultural production in Serbia. In general, the soil and climate characteristics of Vojvodina are favorable for the production of field crops [8] . However, recent studies have indicated this region is significantly vulnerable to the effects the time of sowing, the onset and duration of flowering, and the yield for two climate scenarios (2001-2030 and 2071-2100) with respect to the reference period and observed climatology for the period 2006-2014 in Northern Serbia (Vojvodina).
The simulation was done using a dual-step approach, with and without supplemental irrigation. Since it is often questionable as to whether irrigation is economically justifiable in Serbia, the present research analyzed the economic feasibility of the expenses of the predicted irrigation in two projected scenarios.
Methods

Experimental Design
The results of an eight-year field experiment with barley (2006, 2007, 2008, 2009, 2010, 2011, 2013 , and 2014) were used to calibrate and validate the model. During these growing seasons, spring barley was cultivated on the 10 m 2 plots with three replications. The experiment was set up in the north of Serbia (Vojvodina) (45 • 20 N, 19 • 50 E, 84 a.s.l.), which is the most important crop production area of Serbia. The climate is moderate continental with a mean annual temperature of 11.5 • C and mean annual precipitation of 647 mm (for the reference period 1981-2010). Very high temperature and precipitation variations have been recorded, especially during spring. This variability is often expressed through excessive precipitation and an increased intensity of hot and dry periods [4] . The chemical and physical characteristics of the soil in which the barley was grown were described by Stričević et al. [8] . The soil's hydrological properties are given in Table 1 . Meteorological data were monitored during the eight years of the experiment by the Rimski Šančevi weather station. The maximum (T max ), minimum (T min ), and average daily temperature (T ave ), the daily relative humidity, and the daily precipitation were used as weather input data in the AquaCrop model's calibration and validation.
Spring barley (Hordeum vulgare L. cv. Viktor) is a two-rowed malting barley cultivar that is highly appreciated for its tolerance of a lack of moisture in the soil and tolerance of diseases [19] . The average grain yield for the eight years of the experiment was approximately 5.6 t/ha. The optimal air temperature for emergence was 5-6 • C. Optimal temperature for flowering and fertilization was 15-20 • C. Air temperatures below 5 • C and above 25 • C significantly decreased the efficiency of flowering and fertilization [20] .
Climatology Prediction
For the purposes of the simulation, climate data for 2001-2030 and 2071-2100 were obtained from dynamic downscaling of climate simulations that were conducted with the atmospheric general circulation climate model (ECHAM5), coupled with the Max Planck Institute Ocean Model (MPI-OM) [31] . The downscaling of the GCM climate simulations were performed with the coupled regional climate model EBU-POM (Princeton Ocean Model) [2] . Further details about climate change's expected impact on the Serbian climate and shifts in climate zones can be found in Mihajlović et al. [32] . The complete set of the climate input data that was used in the AquaCrop simulations for one location consisted of daily solar radiation (J/m 2 ) data, daily maximum (T max ), minimum (T min ) and average (T ave ) temperature data, daily average precipitation (mm) data, vapor pressure (mbar), and wind speed (m/s) data. The projected atmospheric CO 2 concentration was pre-defined in AquaCrop (the Mauna Loa default atmospheric CO 2 concentration from 1902 to 2099). Prior to the barley growing season and yield analyses, an analysis of future shifts in air temperature was performed for the two future scenarios. To assess the extent of the air temperature changes, the projected scenarios were compared to the baseline climatology for the period 1971-2000. The baseline meteorological data were obtained from the database of the Serbian Republic's Hydrometeorological Service.
Model Calibration and Validation
The FAO AquaCrop model version 5.0 (Rome, Italy) [33] was used in the present study to simulate the sowing time, the onset and the duration of flowering, the growing season's overall duration (from sowing to maturity), and the average yield (kg/ha) of spring barley under two projected climate scenarios (2001-2030 and 2071-2100). The simulation was performed under rain-fed and irrigated conditions. The model contained predefined parameters that were suitable for the simulation of barley growth. Some of these parameters were adjusted to local conditions and the investigated cultivar ( Table 2 ). AquaCrop was initially calibrated using the measured crop growth variables (Table 3) . Data related to crop development derived from field experiments (2006-2014) ( Table 4 ). The first three years of experimental data (2006, 2007, and 2008) were used to calibrate the model, while the data for the remaining years (2009, 2010, 2011, 2013 , and 2014) were used to validate the model. The growth stages of spring barley that were used to calibrate the model were expressed by the sowing dates (as recorded in the field). However, in the prediction of future scenarios, barley's growth stages were expressed by the growing degree-day (GDD), with a minimum 10 • C threshold of average air temperature over three consecutive days. Irrigation was not considered during the calibration and validation (since the eight-year field experiment was conducted under rain-fed conditions), and neither were specific field management practices. A groundwater table was set up to 2 m. The initial soil water content was set to field capacity. A heat stress effect of 35 • C on crop development was also specified in AquaCrop [34] .
One of the aims of the present study was to establish whether irrigation in the future can improve the average yield and production of spring barley. Therefore, in the second step of testing the model, net irrigation was set up in the flowering phase, as this phase is considered to be the most sensitive to drought and high temperatures [35] . The need for irrigation was assessed on the bases of the air temperature and water stress that were recorded in the output of the simulation runs. The threshold for adding supplemental water was 60% water stress on the canopy's expansion and stomata closure, which was usually recorded during the crop's flowering in the summer months. The average supply of water was calculated for the two projected scenarios.
In addition, an economic evaluation of the irrigation costs was performed. A calculation of the value of barley production was performed on the basis of the average purchase price and the average euro exchange rate over the last 6 years. The calculation of the predicted income provided by the irrigation of barley in the two climate scenarios (2001-2030 and 2071-2100) was done in addition. Variable costs were calculated based on the irrigation rate given by AquaCrop. Furthermore, a potential irrigation system for barley was proposed.
To assess the extent to which the field-observed barley grain yields corresponded to the output of the AquaCrop simulations, three statistical analyses were performed in Microsoft Office Excel: The correlation coefficient (R 2 ), the root mean square error (RMSE), and the mean square error (MSE). In addition, the relative standard deviation (RSD) and the coefficient of variation were calculated for the validation years.
Results
The Model's Calibration and Validation
By the use of the observed crop data (Tables 3 and 4) , AquaCrop was calibrated for spring barley under rain-fed conditions. The correlation coefficient between the observed and calculated yield that was used for the model's validation (Table 5 ) was 0.88. This result was strongly affected by data that were obtained in 2014, in which the simulated yield was 14% higher than observed yield due to heavy rain during May 2014 (barley's flowering stage) and the fact that crop models commonly are not able to reproduce the full extent of the impact of extreme weather events. The correlation coefficient after the exclusion of the wet year (2014) was 0.94. In addition, the experimental years that were used in the model's calibration and validation were not typical in terms of meteorological conditions, since extreme drought periods occurred in 2007 and 2011, and heavy rain occurred in 2014. Therefore, the average yield of barley obtained during the experimental years was compared to the average yield of the baseline period , since this historical period was found to be more suitable in terms of describing the typical climatology of the region. Growth stages expressed through the GDD in the 1971-2000 period corresponded more to the sowing dates that were used in the model's calibration. The average yield for the period 1971-2000 was 9% higher relative to the period 2006-2014. Thus, in further analysis of vegetation dynamics and the average yield, only the baseline period was considered together with the projected scenarios. The obtained RMSE and MSE of the validated values (Table 5) , as well as the RSD and coefficient of variation ( Table 6 ), confirmed that the model's performance in simulating grain yield was very good. 
The Expected Air Temperature Shifts During Spring Barley's Growing Season
The observed weather data values (for the baseline period) and the ones obtained by downscaling for the future (2001-2030 and 2071-2100) were used to calculate the mean air temperature in months during which barley's phenological stages are the most sensitive (March, April, and May) (MAM) ( • C) in order to assess expected changes in barley's growing dynamics in the future. Furthermore, the total number of summer days (days in which the air temperature is above 25 • C) (TSMS), the total number of tropical days (days in which the air temperature is above 30 • C) (TTMS), and the sum of air temperatures above 10 • C were selected and calculated as the main indicators of alterations in crop vegetation and yield [36] . Particularly, in May and June, these can be indicators of extreme weather events, such as droughts and heat waves [36] .
No significant difference in mean air temperature during MAM between the baseline period and the 2001-2030 period was found (Figure 1) . On the contrary, in the 2071-2100 scenario, the mean air temperature was expected to increase by 22% relative to the baseline period. The sum of temperatures above 10 • C was likely to increase in the future over the baseline period ( Figure 3 ). It is significant that, in the 2071-2100 scenario, the estimated increase over the baseline period was above 30%, whereas in 2001-2030 it was 8% relative to the baseline. 
The Time of Sowing, Onset and Duration of Flowering, Duration of Growing Season, and Yield of Spring Barley Simulations
The projected sowing dates of spring barley for the 2001-2030 period were similar to those for the baseline (1971-2000) , where delayed sowing, relative to current practice, was recorded (the end of March and the beginning of April). However, the projected sowing dates for the 2071-2100 period were at the end of January.
Based on the AquaCrop simulations, the start of flowering in 2001-2030 was set up during May. In addition, the onset of flowering was found to be similar to that for the baseline period . However, at the end of the 21st century, flowering was expected to start approximately one month earlier with respect to the time of flowering in general under present conditions: However, the duration of flowering was expected to decrease by around four days relative to the baseline (1971-2000) (Figure 4) . The use of a center-pivot and two linear systems is foreseen for the irrigation of barley. The main advantage of this irrigation system is its constant movement, which removes the need for physical work and increases the area that can be covered by a given irrigation rate. In addition, the irrigation is balanced, and the water losses are not high [37] .
The predicted overall economic result of the irrigation of spring barley was found to be negative due to high fixed costs and the low number of years during the analyzed period (due to crop rotation) in which irrigation could substantially contribute to an increase in yield ( Table 7 ). The purchase price of barley in Serbia from 2011 to 2016 is given in Table 8 . The fixed, variable, and total costs of the exploitation of one center-pivot and two linear systems are given in Table 9 . 
Discussion
The Impact of Expected Climate Change on the Growth Dynamics and Mean Yield of Spring Barley
Plant growth and development are highly dependent upon the air temperature surrounding a crop. In the future, air temperature changes are projected to be more common in parts of the Pannonian lowland with similar meteorological characteristics, relative to a recent period [38] . Therefore, in the present study we analyzed the effect of mean air temperature during MAM, TTMS, and TSMS, as well as sums of mean air temperature above 10 • C on growing season dynamics and the yield of spring barley. Extreme events during the spring and summer months will have the most prominent effects on spring crop productivity. However, up to now, little research has been conducted to analyze the effects of the predicted conditions [39] .
Alterations in crop yield and growth dynamics, as a consequence of climate change, were considered for the two climate scenarios 2001-2030 and 2071-2100 relative to a baseline. Particular attention was devoted to expected air temperature changes, which predominantly determine crop yield [40] . Extreme temperatures are more important inducers of stress in the spring crop than mean air temperatures [21] . Their frequency and time of occurrence can alter the duration of the growing season and the development of barley, as well as specific phenological stages (such as flowering). For spring barley, the most sensitive periods are flowering and grain filling, which usually occur during May and June.
The sowing dates of small grain crops may vary over time [41] . Generally, in Europe, spring barley is sown at the end of February or at the beginning of March [42] . Indicative sowing dates may be used in the case of a lack of actual data: However, it is difficult to accurately predict sowing dates under future climate change scenarios [43] . Hence, studies focused on the impact of climate change in the future rely on current sowing dates for spring barley [44] . Our finding of delayed sowing times in the baseline period as well as in 2001-2030 could have been a consequence of the occurrence of early frost days in the second half of February. According to Jančić [45] , the average number of frost days in February in the 1971-2000 period was 17. In the 2001-2030 period, the average number of frost days in February was expected to be 18, which may have been the reason for delayed sowing. In contrast, the AquaCrop model projected that sowing in the 2071-2100 period would be much earlier (the end of January) because of the projected increase in the temperature during winter at the end of the 21st century, which is considered to be the most important feature of further climate change in Serbia [2] . This could seriously affect field operations related to barley sowing in the future. Furthermore, the early sowing of spring crops may prevent the adverse effect of extreme temperatures during summer months [12, 40] . (Figure 4 ) may have been a consequence of the expected air temperature increase in the projected future. The implementation of a crop strategy to remain viable and avoid extreme temperature conditions is important since, in the 2071-2100 scenario, the number of TTMSes and TSMSes was expected to be significantly higher with respect to the baseline (Figure 2 ). This may not alter the biomass production and grain yield: However, the quality of the grain may be adversely affected [46] . Additionally, this may influence the market price of barley in the future. Similar results were obtained by Trnka et al. [47] from the simulation of spring barley production under future climate change in the Czech Republic. Rötter et al. [44] reported that an early sowing of spring barley may occur because a warmer spring may lead to yield increases in most climate scenarios with favorable soils, but not in extreme scenarios and with poor soils.
Barley yield generally varies less under changing weather conditions relative to the other small grains [48] . In accordance with this, our findings indicated that, despite extreme events with respect to temperature changes during the barley growing season that were expected in the 2071-2100 period (Figure 3) , its mean grain yield remained unchanged. A combination of early flowering and prolonged vegetation in the future ensured a stable yield of spring barley. Similar results were reported by Rötter et al. [44] in a study of climate change's effect on spring barley in Finland. In contrast, Nonhebel [49] reported that the yield of spring barley (and other cereals) decreased with an increasing temperature due to a decline in the duration of phenological phases (flowering and grain filling). However, with respect to different cardinal temperature thresholds for different phenological processes, the crop's response to a high temperature in general depended on the character of the temperature increase as well as the phenological stage of the crop [50] .
Projected changes in sowing and harvest dates are particularly important in planning agricultural management and adaptation strategies [51] . In addition, Eitzinger et al. [7] pointed out that farmers have already implemented adaptation measures, such as altered production techniques and the timing of management practices, in Poland [52, 53] . Nevertheless, it has to be taken into consideration that the applied model does not consider biotic stresses (pests and diseases), which can affect the yield and growth of crops [8] .
Spring Barley's Response to Irrigation Under Projected Climate Change
Spring barley generally performs well in semi-arid areas of the world due to its extensive root system [54] . However, its yield and biomass may be hindered by a high temperature and a severe water deficiency [55] if these occur during the flowering and grain-filling phase. Our results indicated a slight improvement in yield in the future scenarios (2001-2030 and 2071-2100) when 50-70 mm of water was applied. Considering the good features of chernozem in most of Northern Serbia in combination with the extensive root system of barley [8] , stable yield even under projected higher air temperatures was simulated. Nevertheless, it should be noted that, in the case of different soil types (poor soils) that can be found in different parts of the Pannonian lowland (Hungary, Romania, Croatia, and Austria), a moderate irrigation practice could be beneficial for barley production [7] .
Current practice in the studied region generally does not include the irrigation of spring barley (the economics of non-irrigated barley is given in Table 7 ). However, after obtaining crop response from the simulation outputs, severe water stress was recorded in the phase of flowering. The addition of the least water supply in the flowering phase, which increased grain yield from 0.7-1 t/ha in the future scenarios (according to the model's output), barley's irrigation was not proven economically beneficial (the economics of irrigated barley in the future is given in Table 9 ). The negative economic result for irrigation in our study was supported by Fisher et al. [55] and Nagaz et al. [56] , who reported that the grain yield of barley was not significantly improved by irrigation when compared to a corresponding rain-fed treatment. However, Tavakoli et al. [24] showed that, for barley grown in Iran, supplemental irrigation during flowering significantly increased grain yield. This difference with respect to our study may be due to the higher heat stress that was predicted for that area in Iran, relative to our study site.
In the predicted climate scenarios, the irrigation of barley may be economically feasible in the study region only if seed crops and vegetables are included in the crop rotation on at least 50% of the surface and if second crops (e.g., soybean, sunflower, or maize) are grown after the harvest of barley.
Conclusions
The present simulation study provides information on the response of spring barley to projected climate change (in the periods 2001-2030 and 2071-2100), but also the response of barley to irrigation during the stress-sensitive phase of its growth. In conclusion, barley is likely to remain a viable rain-fed crop in Northern Serbia under projected climate change, and the same stands for regions where similar climate changes are expected, such as Croatia, Austria, Romania, and Hungary. For both time slices, the average yield of barley increased over the baseline period, with the greatest increase in the 2071-2100 scenario, even though the temperature changes that were expected in this period shortened the duration of flowering and moved the sowing time to the beginning of the year, which deviated from common practice in the experimental region. Irrigation in the present simulation did not prove to be economically efficient. Nevertheless, the introduction of a greater portion of crops that attain higher market prices in crop rotations, together with secondary crops (sown after the harvest of barley), provides an opportunity to economically justify the irrigation of barley.
